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Abstract: The Southern Ocean (SO) and Antarctica play important roles in the global climate. The
new particle formation (NPF) alters the availability of cloud condensation nuclei (CCN), leading to
impacts on the cloud reflectance and global radiative budget. In this review, we introduce the common
instruments for measuring particle number concentration (PNC) and particle number size distribution
(PNSD). Based on the observations over the Antarctic and some Antarctic research stations, we
explored spatial and temporal characteristics of PNCs and PNSDs. From the SO to the interior of the
Antarctic, the total PNCs show a decreasing trend, and the total PNCs present an obvious seasonal
cycle, with the low concentration in winter (June–August) and the high concentration in summer
(December–February). By summarizing the research progress over the SO and Antarctica, we discuss
possible precursors of the NPF: sulfuric acid (H2SO4, SA), methanesulfonic acid (CH3S(O)2OH,
MSA), dimethyl sulfide ((CH3)2S, DMS), iodic acid (HIO3, IA), iodous acid (HIO2), ammonia (NH3),
dimethylamine ((CH3)2NH, DMA), highly oxygenated organic molecules (HOMs) and other organics
with low vapor pressure. We also explore several possible nucleation mechanisms: ion-induced
nucleation of H2SO4 and NH3, H2SO4-amines, H2SO4-DMA-H2O, H2SO4-MSA-DMA, IA-MSA,
IA-DMA, heterogeneous IA-organics nucleation mechanisms and environmental conditions required
for the NPF. NPF is one of the main sources of CCN in the remote marine boundary layer, such as the
SO and Antarctica. Thus, we discuss the contribution of NPF to CCN and the indirect impacts of
NPF on climate. Through this review, we could better understand the PNC and NPF over the SO and
Antarctica and their impacts on the global climate.

Keywords: Southern Ocean; Antarctica; number concentration; size distribution; new particle formation

1. Introduction

The Antarctic atmosphere contains fewer aerosol mass and number concentrations [1].
Accordingly, natural emissions account for a significant proportion of the aerosol popu-
lation, with sea spray and NPF from marine emissions likely to be the two major sources
of aerosols. Other minor sources include volcanic emissions, emissions associated with
seabirds and other animals, and windblown snow from ice-covered regions [2,3]. It is true
that some emissions from research stations associated with transportation are attributed
to local anthropogenic sources [4,5]. Since the 1990s, NPF events have been observed in
forested areas [6], over rural continental areas [7,8], in various urban areas [9,10], and in the
marine boundary layer [11,12]. The SO and Antarctic region is one of the few places left
on our planet with conditions similar to the preindustrial age [13]. This provides an ideal
environment for studying background conditions and processes associated with NPF [14].
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There is little interference from land in the SO, which is a biologically active region emitting
marine vapor precursors [15,16]. Over the Antarctic continent, aerosol particles almost
entirely come from the surrounding marine areas [2]. Existing studies have shown that few
NPF events occurred over the SO, while most of the NPF events occurred on the coast of
Antarctica [17,18].

NPF is one of the major sources of atmospheric particles [19]. NPF is a process in
which low-volatility vapors emitted from biological or anthropogenic sources condenses
to form molecular clusters and then grow into larger particles through condensation
or collisions [20,21]. The phenomenon is characterized by the sudden eruption of high
concentrations of sub-nanometer particles (1–3 nm) in the atmosphere, followed by their
continued growth [22]. Nucleation rate (J) or formation rate (FR) and growth rate (GR)
are the key parameters used to characterize this phenomenon [23]. There is a significant
impact of NPFs on regional and global climate, air quality, and human health [20]. Newly
formed particles can then grow to a size large enough to act as CCNs, affecting the physical
properties of cloud droplets and indirectly affecting the Earth’s radiation balance and
global climate. Limited understanding of the mechanism of NPF is existed, especially over
the remote oceanic regions. As a result, there are significant uncertainties in the model
simulations, which will directly affect the prediction of climate change effects [24].

PNSD is one of the important parameters to judge whether an NPF event has oc-
curred [20]. In atmospheric environments, the PNSD is mainly on four modes: the nu-
cleation mode (Dp < 30 nm), the Aitken mode (30 nm < Dp < 100 nm), the accumulation
mode (100 nm < Dp < 1 µm) and the coarse mode (Dp > 1 µm) [25]. In practice, NPF event
identification is performed visually by classifying the NPF event or non-event days from
the PNSD surface plots [26]. In NPF events, the PNSD is characterized by an explosive
increase in number concentration in the nucleation mode, and the particles continue to
grow to larger sizes [20].

Atmospheric NPF is proposed to be a two-step process. The first step would be the
nucleation process itself, which produces atmospheric clusters (neutral or ionic). The
second step would be the activation of clusters [27]. General gaseous precursors for
nucleation include SA, MSA, IA, HIO2, oxalic acid (OxA), NH3, DMS, methylamine (MA),
DMA, HOMs, and other organics [28–30]. A number of organic acids such as formic, acetic,
pyruvic acids and OxA have been found to contribute to the initiation of nucleation in
polluted urban air and they are lower in the remote marine atmosphere [31,32].

The current nucleation mechanisms include the homogeneous homomolecular nucle-
ation (HHN) (e.g., the nucleation of pure water), the binary homogeneous nucleation (BHN)
(e.g., H2SO4-H2O binary system), the ternary homogeneous nucleation (THN) (e.g., OxA-
MA-MSA ternary system), the ion-induced nucleation (IIN) (e.g., ion-induced nucleation of
H2SO4-H2O or ternary inorganic vapors or of organic vapors), and barrier-less (kinetically
controlled) homogeneous nucleation of, for example, iodide species [27,33,34]. BHN mainly
occurs in the free troposphere and in the stratosphere. In most cases, THN occurs in the
boundary layer [27,35]. It is primarily found in the upper troposphere and the lower strato-
sphere, where IIN occurs. On average, the IIN in the boundary layer seems to be mostly
around or below 10% of particle formation [36,37]. Barrier-less homogeneous nucleation of
iodide species mainly occurs in the coastal environment [27,37]. The upper troposphere is
well recognized as a region of particle formation [38]. In the troposphere, ion-mediated
H2SO4-H2O nucleation appears to dominate over neutral H2SO4-H2O nucleation, both in
the lower as well as middle and upper troposphere. There is evidence that binary nucle-
ation of H2SO4-H2O and ternary nucleation of NH3 are the dominant processes responsible
for NPF in the middle and upper troposphere [30,39]. In the remote ocean, there may be
H2SO4-H2O, H2SO4-NH3-H2O, H2SO4-DMA, H2SO4-DMA-H2O, H2SO4-MSA-DMA, ion-
induced nucleation of H2SO4 and NH3, IA-MSA, IA-DMA, the heterogeneous processes of
iodine with organics and other nucleation systems [12,31,32,40,41]. Additionally, the initial
steps of aerosol growth can take place via several ways: 1. condensation of nucleating
vapors; 2. charge-enhanced condensation; 3. self-coagulation; 4. multi-phase chemical
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reactions; 5. cluster activation by heterogeneous nucleation; 6. cluster activation by soluble
vapors. The first three mechanisms do not require any help from vapors other than those
participating in the nucleation process, whereas the last three mechanisms need some
additional vapors, such as organic vapors, to participate in the growth process [27].

Although the environment in the SO and Antarctica is harsh and it is difficult to
conduct field observations, lots of studies have focused on the atmospheric PNC and NPF.
In this review, we summarize the method and instruments utilized to measure atmospheric
PNC. Spatial and seasonal variations of atmospheric PNC and PNSD over the SO and
Antarctica are also reviewed. Lastly, we discuss precursors of nucleating, nucleation
mechanism, environmental influencing factors and contribution of NPF to CCN over the
SO and Antarctica. A detailed understanding of the PNC, NPF and their subsequent growth
over remote oceanic regions will improve our understanding of the formation process of
atmospheric aerosols.

2. Instrumentation

The main measurement parameters for studying NPF include the concentration of
gaseous precursors of new particles, the number size distributions of nanoparticles or
positive and negative ions, the chemical composition of ultrafine particles, as well as the
moisture absorption and volatility of particles [24]. It is necessary to measure PNC and
PNSD at nanometer levels in order to identify NPF events and retrieve parameters that
describe particle formation processes, such as formation and growth rates [22]. What is
more, the phase change between vapor and liquid typically appears at around 1–2 nm in
diameter. The size difference between molecules, clusters, and particles (about 1–3 nm)
poses a challenge for both theory and experiments. In recent years, since great progress has
been made in developing optimized instruments for measuring the smallest size particles,
the minimum particle size that can be measured by commercial instrument has reached
1 nm [22,27,37]. As shown in Table 1, there are many instruments that can be used to
measure PNC and PNSD, including air ion spectrometer (AIS), condensation particle
counter (CPC), differential mobility particle sizer (DMPS), particle size magnifier (PSM)
and aerodynamic particle sizer (APS). The common instruments used over the SO and
Antarctica include the CPC, DMPS, AIS, etc.

Table 1. Parameters of instrument for measuring PNC.

Instrument Manufacturing Company Principle Size Range (nm) Reference

AIS Airel electrical mobility size 0.46–55 [27]
CPC 3007 TSI aerodynamic size 10–1000 [42]

DMPS GRIMM electrical mobility size 10–800 [43]
PSM Airmodus aerodynamic size <1 [42]
APS TSI optical size 500–20,000 [44]

A CPC, also known as a condensation nucleus counter (CNC), is used to measure
atmospheric PNC. Its basic principle involves the flow of sampled aerosol over a warm
reservoir of a working fluid, where it becomes saturated with a condensable vapor. The
vapor becomes supersaturated during subsequent cooling to a condensed state, allowing
particles to grow into large liquid droplets of 10 µm in diameter, which can be detected
individually by light scattering. The CPC 3007 is able to measure particle sizes ranging
from 0.01 µm to 1.0 µm, with a concentration range of 0–100,000 particles cm−3. There
is a detection range of 0.02 µm to greater than 1.0 µm and a maximum concentration of
500,000 particles cm−3 [42]. For the generation of particle size spectra, the CPC may be
connected to a particle size spectrometer, such as DMPS/SMPS [24].

The DMPS is an instrument for online sizing gas-borne particles in spectrometer
and nanometer diameter ranges [45]. It is typically composed of a differential mobility
analyzer (DMA) that electrostatically classifies particles with diameters between a few
nanometers and a micrometer, as well as a CPC that measures the concentration of size-
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selected aerosol particles [46]. By flowing the aerosol through an annular gap between
two coaxial cylindrical electrodes, the DMA classifies particles based on their electrical
mobility [47]. Clearly, the DMA is one of the most effective instruments for measuring
aerosol particles with diameters ranging from nanometers to almost microns [48]. The
DMPS system measures the PNSD between 10 and 800 nm, with some ultrafine systems
extending down to 3 nm [44]. DMPS is capable of achieving high sampling rates and
efficient separation between the Aitken and accumulation modes due to its high particle
size resolution as compared to earlier instruments [49].

The AIS measures mobility and PNSD of atmospheric ions. The neutral cluster and
air ion spectrometer (NAIS) can additionally measure neutral particles. The NAIS is able
to measure neutral clusters down to 1.2–1.5 nm. AIS is capable of measuring the mobility
distribution of air ions (naturally charged clusters and aerosol particles) in the range
of 0.00075–2.4 cm2 V−1 s−1, and the corresponding diameter ranges for single charged
particles are 0.46–55 nm [27]. Large flow rates are often used in ion spectrometers in order
to reduce particle losses; however, the noise associated with large flow rates can pose a
problem at low particle concentrations [22].

Last but not least, the traditional atmospheric sensors utilized for chemical analysis
and PNSD measurement normally are very expensive and labor-intensive in operation and
troubleshooting [22]. Newly developed low-cost, portable and reliable instruments have
been utilized to provide detailed size information about clusters and nanoparticles [50].

3. Progress on Research of Atmospheric PNCs over the SO and Antarctica
3.1. Spatial Variation

PNCs and PNSDs over the SO differ from those over the tropics, northern mid-latitude
oceans, and the Arctic Ocean. The results of a research cruise from the English Channel
to the coast of Antarctica show that no nucleation mode has been found in the marine air
mass measured north of 40 ◦S, indicating that the nucleation mode is extremely rare in the
tropical and northern mid-latitude pristine ocean air. When approaching the Antarctic,
the nucleation mode started to occur more frequently with peak concentrations close to
1000 nuclei cm−3 [18]. As a result of the Antarctic Circumnavigation Expedition: Study of
Preindustrial-like Aerosols and Their Climate Effects (ACE-SPACE) over the SO, it has been
demonstrated that the total concentration of PNCs varied between 10 and >1000 cm−3,
while the summer Arctic Ocean concentration spanned a greater range of 1 to <4000 cm−3

during the Arctic Ocean 2018 expedition [51]. It can be concluded that the nucleation mode
of the SO is more common than that of tropical and northern mid-latitude oceans, and the
total aerosol number concentration over the SO is lower than that over the Arctic Ocean.

An obvious spatial variation can be observed between the Antarctic coast and the
inland in terms of total PNCs and PNSDs. PNC distributions over the SO and Antarctic
are shown in Figure 1. During the austral summer between 2000 and 2001, total PNCs and
PNSDs within a diameter range of 3 to 800 nm were measured in continental Antarctica at
the Finnish Antarctic station Aboa (73◦03′ S, 13◦25′ W). The total number of PNCs observed
varied between 200 and 2000 cm−3. Concentrations in excess of about 300–400 cm−3 were
attributable to the presence of small (<20 nm) nucleation mode particles. The measured size
distributions were fitted with two to four lognormal modes. All number size distributions
displayed an Aitken mode, with the diameter peaking at about 30–50 nm, and an accumu-
lation mode peaking at about 70–150 nm [52]. During the austral summer of 2006, PNSD
measurements were performed in the 10–500 nm size ranges over the Nansen Ice Sheet
glacier (74◦30′ S, 163◦27′ E). A monomodal number size distribution, peaking at about
70 nm with no variation during the day, was observed associating with the continental
air mass, high wind speed and low relative humidity. Trimodal number size distributions
were also observed. In this case, NPF was observed with subsequent particle growth up
to about 30 nm [48]. During two summer campaigns in January 2015 and January 2016,
PNSDs were measured at the continental Antarctic station Kohnen (75◦00′ S, 00◦04′ E).
During the accidental impact of a unique low-pressure system in 2015, the physical and
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chemical properties of aerosols were significantly different from those of generally clear
skies. The occurrence of an NPF event exhibiting a continuous growth of Dp from 12 to
43 nm over 44 h (growth rate 0.6 nm h−1). On the whole, aerosol deposition on-site during
austral summer should be largely dominated by typical steady clear sky conditions. Under
clear sky conditions, aged aerosol, characterized by usually mono-modal size distributions
around Dp = 60 nm, was observed [53]. A brief summary of some PNCs and PNSDs
involved in the events described above can be found in Table 2.
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Table 2. Key parameters and related meteorological elements of NPF events occurred over the SO and Antarctica.

Location Lat. And Long. Study Period Wind Speed
(m s−1)

Relative Humidity
(%)

Total PNC
(cm−3)

FR
(cm−3 s−1)

GR
(nm h−1) Reference

The Finnish Antarctic station
Aboa (Antarctica) 73◦03′ S, 13◦25′ W January 2010 ~ ~ ~ 0.003–0.3 (J10) ~ [2]

The Marambio Station
(Antarctic Peninsula) 64◦15′ S, 56◦38′ W 15 January 2018–25 February 2018 1–20 <75 ~ 0.69 (J3) 4.2

(3.8–12 nm) [29]

Nansen Ice Sheet glacier
(the Ross Sea) 74◦30′ S, 163◦27′ E 2006 1–5 >80 169–1385 ~ 4 [49]

The Finnish Antarctic station
Aboa (Antarctica) 73◦03′ S, 13◦25′ W 5 January 2000–22 January 2000 and

1 January 2001–26 January 2001 ~ 40–100 200–2000 ~ 2
(3–15 nm) [52]

The Concordia station
(Dome C) 75◦06′ S, 123◦23′ E 14 December 2007–7 November 2009 ~ ~ 109

(median) ~ 2.5 [54]

The King Sejong Station
(Antarctic Peninsula) 62◦12′ S, 58◦48′ W May 2009–December 2016 ~ ~ 1707–83,120 2.79 ± 1.05

(J2.5–10) 0.68 ± 0.27 [3]
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3.2. Seasonal Variation

The Antarctic aerosol system exhibits an obvious annual cycle of total PNCs and
PNSDs. The PNCs display the maximum value during the austral summer, and the mini-
mum value during the austral winter. The coarse particles are enhanced during the winter-
spring (June-November), while fine particles are enhanced during the summer [13,55,56].
A cluster analysis of the physical characteristics of PNSDs was conducted in the size range
of 6–209 nm at Halley Station (75◦36′ S, 26◦11′ W) in the whole year of 2015. The lowest
concentration in August was 47 ± 10 cm−3, and the maximum concentration in January
was 602 ± 65 cm−3. In the annual average size distribution, an obvious peak was shown at
45 and at 145 nm. Nucleation and Aitken mode dominated in summer months (59–90%),
whereas a clear bimodal size distribution (peaking at 43 and 134 nm) was seen during
the December-April period (6–21%) [13]. From 14 December 2007 to 7 November 2009,
PNSDs were measured in the size range 10–600 nm on the high East Antarctic plateau
at the Concordia station, Dome C (75◦06′ S, 123◦23′ E). The total PNC was low with the
median of 109 cm−3. The concentrations were at their highest during the austral summer
with the median values of 260 cm−3, and at their lowest during the austral winter with
corresponding values of 15 cm−3 [3]. Relevant results showed that seasonal features of
PNC are associated with primary emissions of sea-salt aerosols, NPF, emissions of aerosol
precursors from oceanic bioactivity, and photochemical processes [4]. Aerosol emissions
from the surfaces of ocean and sea ice through wind blowing processes might cause aerosol
enhancement in fine and coarse modes in the Antarctic coasts during winter-spring [55,56].
Simulations conducted by Yu et al. (2010) indicated that increases in DMS emission and
photochemistry during the austral summer resulted in significant new particle formation
through ion-mediated nucleation and significantly higher particle numbers over Antarctica
and the surrounding oceans [57].

4. Progress on Research of NPF Evens over the SO and Antarctica
4.1. Precursors and Nucleation Mechanism

Over the SO and Antarctica, condensable vapors related to NPF and particle growth
include SA, MSA, DMS, IA, HIO2, NH3, DMA, HOMs and other organics with low vapor
pressure. On the other hand, nucleating ion clusters such as bisulfate ions with SA and
NH3 and bisulfate ions and neutral SA with DMA are previously identified as participating
in aerosol formation processes [28,29,58,59]. The SO has high biological activity and is a
source of numerous aerosol precursor vapors, including DMS, volatile organic compounds,
molecular iodine, and iodine hydrocarbons [58]. It is estimated that sea surface DMS
concentrations in the SO are the highest on the planet, reaching mean values of more
than 5 nm during the austral spring-summer (September–February) season [60]. DMS is
a biological compound produced by phytoplankton. SA and MSA are formed from the
oxidation of DMS [61]. Although the chemical production of IA is not fully resolved, IA
results from the oxidation of reactive iodine (in the form of I2, HIO, or intermediate I) that
is released from algae and phytoplankton emissions contained within the seawater, ice,
and snow [29]. In addition, the sea ice area in the Antarctic Peninsula-western Weddell
Sea region is the main source of amines. Sympagic waters in this region have been shown
to be rich in methyl, dimethyl and trimethyl amines and their precursors [28]. Sources
of ammonia over the SO are related to animals, mainly bird or seal colonies, which are
known to be strong local sources of ammonia [61]. The primary sources of air ions are
radon decay, gamma radiation, and cosmic radiation [62]. It has been reported that galactic
cosmic rays are the sole source of ions in the Antarctic lower atmosphere, and they may
play an important role in NPF in this region [58].

There is a high concentration of SA, MSA, and IA over the SO and Antarctica [40]. SA is
the most important vapor for particle formation and initial growth [63]. The concentration
of gaseous SA over 105 molecules cm−3 is the necessary condition for the NPF [64]. SA is
considered as the most prevalent nucleating species because of its low vapor pressure under
typical atmospheric conditions. Moreover, SA is prone to form hydrogen bonding with
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many atmospherically important compounds, including water, basic species (i.e., ammonia
and amines), and organic acids [22]. There has been evidence that amines and ammonia can
be important stabilizers for SA in the formation of particles in marine environments [65].
Ions can play a comparable role in stabilizing nucleating acidic or biogenic particles [66].
According to some observations on the Antarctic Peninsula, SA is an important contributor
to NPF processes, while MSA and IA are likely to only contribute to particle growth [28,29].
In marine and polar environments, the iodine oxide and IA has a major contribution to
the iodine nucleation process. However, the nucleation mechanism of iodine-containing
substances over the SO and Antarctica is still uncertain [41].

It is evident from Table 3 that nucleation mechanisms over the Antarctic may include
ion-induced nucleation of H2SO4 and NH3, H2SO4-amines, H2SO4-DMA-H2O, H2SO4-MSA-
DMA, IA-MSA, IA-DMA and heterogeneous iodine-organic systems [12,28,29,41,58,67,68]. The
ion-induced nucleation of H2SO4 and NH3 is the predominant mechanism for growth
and NPF in coastal eastern Antarctica, and possibly throughout the lower-troposphere
coastal Antarctic region. Ions induce the nucleation of H2SO4 and NH3, and then H2SO4
drives the growth. The nucleation rates are likely to be highly sensitive to both H2SO4
and NH3. Therefore, any change in marine phytoplankton DMS production, volcanic
activity, or biological ammonia sources may be rapidly reflected in the new particle and
eventually CCN concentrations over the Southern Hemisphere [58]. Around the Antarctic
Peninsula, the NPF is driven by H2SO4 and alkylamines. Alkylamines have been shown to
enhance formation rates at modest mixing ratios in the range of a few parts per trillion by
volume, which are sufficient to substitute NH3 in H2SO4-NH3 clusters. [28]. In addition, it
is possible that DMA nucleates efficiently with H2SO4 and may be primarily responsible
for the formation pathway of the neutral new particle H2SO4-DMA-H2O. On the other side,
MSA has been shown to accelerate the nucleation of H2SO4 and DMA, with which it forms
stable clusters in the H2SO4-MSA-DMA system [28,29]. Research has demonstrated that IA-
MSA, IA-DMA and heterogeneous iodine-organic nucleation systems may exist in remote
marine areas [12,41,68]. The MSA in IA-MSA systems is capable of stabilizing IA clusters
by forming hydrogen and halogen bonds, thereby promoting IA cluster formation rate,
particularly in low-temperature environments where IA is sparse and MSA is abundant [41].
In the case of the IA-DMA system, DMA can structurally stabilize IA via hydrogen and
halogen bonds, and the clustering process is energy barrierless [68]. For heterogeneous
IA-organics system, nucleated iodine oxide clusters provide unique sites for the accelerated
growth of organic vapors to overcome the coagulation sink. Heterogeneous reactions form
low-volatility organic acids and alkylaminium salts in the particle phase, while further
oligomerization of small α-dicarbonyls (e.g., glyoxal) drives the particle growth [12]. In
addition, considering previous observations in the Arctic and Antarctic environment, Sipilä
et al. (2016) demonstrated iodine-related nucleation as successive addition of multiple IA
and water groups, and it was unlikely that IA promotes nucleation through either neutral
or ion-induced mechanisms at this Antarctic site [69]. According to the field studies [17,69],
in the coastal Mace Head, Ireland, the observed intense NPF events happen during the low
tide and are associated with a significant increase in iodic acid (HIO3, IA) concentration.
This indicates that the coastal NPF is primarily controlled by the subsequential addition of
IA, during which the participation of I2O5 is involved. However, there have been a limited
number of studies conducted in the Antarctic region concerning iodide nucleation. In the
future, more research on atmospheric iodide nucleation in the Antarctic region should be
conducted [12,17,41,69,70].



Atmosphere 2023, 14, 402 9 of 15

Table 3. Summary of the reported NPF mechanisms over the SO and Antarctica.

Nucleation Mechanism Region Location Reference

H2SO4-DMA-H2O Antarctic Peninsula 62◦36′ S, 60◦30′ W [28]
H2SO4-MSA-DMA Antarctic Peninsula 64◦15′ S, 56◦38′ W [29]
H2SO4-DMA-H2O Antarctic Peninsula 64◦15′ S, 56◦38′ W [29]
H2SO4-NH3-H2O Coastal Antarctica 73◦03′ S, 13◦25′ W [58]

OxA-MA-MSA Polluted area ~ [30]
Iodine-organics Coastal areas 53◦20′ N, 9◦54′ W [12]

IA-MSA Marine ~ [41]
IA-DMA Marine ~ [41]

4.2. Environmental Influencing Factors

The NPF is affected by a number of factors. Photochemistry plays a key role in NPF,
which is reflected in that most NPF events occur in the daytime [71,72]. Other features
common to conditions favorable to NPF are low condensation sink (pre-existing aerosol
concentration), low relative humidity, and high vapor source rate [37]. There is also
evidence that aerosol formation is related to atmospheric mixing processes, such as the
evolution of a continental boundary layer or the mixing of stratospheric and tropospheric
air near the tropopause [27]. Over the SO and Antarctica, NPF events were observed during
days with high solar radiation, mostly with above-freezing temperatures and with low
relative humidity [29]. Temperature and condensation sink may be the reason why this
process occurs more frequently along the coast of Antarctica than in the open Southern
Ocean reported in many studies [61]. There is a high frequency of NPF events in austral
summer (72%), while there is a low frequency in austral winter (38%). In summer, the
maximum solar radiation can reach 800 W m−2, and it is estimated that the midday OH
concentration can be estimated to be 3.4 × 106 molecules cm−3 [50,70]. The clear difference
in austral summer and winter indicates that solar intensity and temperature play important
roles in the formation and growth of aerosol particles [3].

There is a prevailing opinion that NPF rarely occurs in remote marine boundary layers
over open oceans. However, there is a regular and frequent occurrence of NPF in the upper
portion of the remote marine boundary layer following the passage of cold fronts. The NPF
is facilitated by a combination of efficient removal of existing particles by precipitation,
cold air temperatures, vertical transport of reactive gases from the ocean surface, and high
actinic fluxes in a broken cloud field [11].

In addition to the environmental conditions discussed above, cloud has an impact
on NPF as well. In the SO, cloud-based convective transport of air masses into the free
troposphere has been shown to result in NPF. The colder air temperatures of the free tropo-
sphere promote partitioning into the aerosol phase, while the in-cloud wet scavenging of
CCN removes competing condensation sinks. Depending on the precursor concentrations,
when entrained back into the marine boundary layer in the cloud outflow regions, these
newly formed aerosols can greatly increase nucleation or even Aitken mode aerosol number
concentrations [15]. However, NPF events will also be reduced by the presence of clouds.
Clouds reduce the probability of NPF occurring by attenuating the solar radiation intensity
below the cloud layer. When clouds appear or a solar eclipse occurs, an ongoing NPF event
can be interrupted [73].

Additionally, human activities may contribute to the formation and concentration
of high levels of aerosols [3]. NPF will also be affected by anthropogenic activities in
Antarctica (power generation, vehicles, ships and aircraft). The model results of Chen et al.
(2021) suggest that anthropogenic organic species play an important role in the formation
and growth of aerosol particles at polluted sites and worldwide [74]. The total annual SO2
is 158 Mg from power generation and vehicle operations, 3873 Mg from ships and 56 Mg
from aircraft for 2004–2005 in Antarctica [75]. Though these figures are small, comparing
with emissions at most other word regions, they are an indication of local pollutions by
human being activities in the Antarctic.
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4.3. NPF Contribution to CCN

NPF is one of the main sources of global aerosol particles and CCN [76]. In particular,
ultrafine particles of <100 nm in diameter can contribute to maximum CCN generations of
40% and 90% at the boundary layer and in the remote free troposphere [77]. Based on a
global aerosol microphysics model, Merikanto et al. (2009) quantified the contribution of
primary and nucleated particles to global CCN. The model showed 55% of CCN (0.2%) are
from nucleation, with 45% entrained from the free troposphere and 10% nucleated directly
in the marine boundary layer [78]. During the 2018 Southern Ocean Clouds, Radiation,
Aerosol Transport Experimental Study (SOCRATES) aircraft campaign, findings indicated
that the SO free troposphere (3–6 km) is characterized by widespread, frequent NPF events
contributing to much larger concentrations (≥1000 mg−1) of condensation nuclei (diameters
>0.01 µm) than in typical sub-tropical regions [79]. Over the SO, biogenic sulfur-based
particles >0.1 µm diameter contribute the majority of CCN number concentrations in
summer [76].

NPF may prove to be a key tool for predicting the future climate of polar regions.
The aerosol indirect radiative forcing is largely determined by the number abundance of
particles that can act as CCN [36]. In the Indian Ocean sector of SO, the resultant clear
sky direct shortwave radiative forcing was 1.32 ± 0.11 W m−2 [80]. On King George
Island, direct aerosol radiative forcing was between −2 and 4 W m−2 [81]. Because of low
aerosol number concentrations, direct effects of aerosol radiative forcing are negligible
in the Antarctic [55]. As shown in Figure 2, NPF has an impact on the climate. The
gas-phase formation of new particles less than 1 nm in size and their subsequent growth
significantly alters the availability of CCN, leading to impacts on cloud reflectance and the
global radiative budget [7]. The mechanism of NPF over the SO and Antarctica and its
contribution to CCN require further research in order to accurately predict future climate
change in polar regions [76].
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Figure 2. New particle formation over the SO and Antarctica and their effects on radiation.

There is a feedback loop involving the interaction among particle nucleation, CCN
generation, cloud microphysics and climate response. Through a physics-based nucleation
mechanism and a range of field observations of aerosol formation, it is shown that projected
increases in global temperatures could significantly inhibit new particle and CCN formation
rates worldwide. The reduction in CCN usually increases the average size of cloud droplets,
reduces cloud albedo, increases precipitation, and reduces cloud cover. These lead to a
reduced aerosol indirect radiative cooling effect of clouds that form on the CCN, thus
amplifying the initial warming. Under actual conditions, the effect of temperature on CCN
concentrations is likely to be more non-linear and the estimated 1–3% CCN decrease for
each degree. The feedback process might contribute an additional forcing of 0.1–0.3 W m−2
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per degree of global warming, enough to increase the sensitivity of Earth’s climate system
significantly [82].

In addition, air masses during NPF events frequently originated from sea ice regions in
the coastal Antarctica [61]. Thus, in the background of global warming, the influence of sea
ice changes on NPF also deserves attention. Polar environments are significantly impacted
by human-induced climate change and are warming twice as fast as the global average [29].
The changes in Antarctic climate and sea ice cover are complex. Between 1979 and 2014, the
Antarctic sea ice extent actually slightly increased, and then it experienced a precipitous
drop to below 1979 levels between 2015 and 2017. Antarctic sea ice is predicted to decrease
by about 1/3 in response to greenhouse-gas-induced warming by the year 2100 [83,84]. Sea
ice retreat in the polar region is expected to increase the emissions of sea salt aerosols and
biogenic gases, which may significantly impact the climate by increasing CCN population
and changing solar radiation [84]. In general, aerosol particle nucleation affects climate
through aerosol–cloud interactions, while climate change affects particle nucleation process
directly through global warming, or indirectly through sea ice variations [1,5,34,84]. More
observations and model simulation research on the feedback mechanism between new
particle formation and climate change are urgently needed.
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